Ofgreatinterestindevelopingartificialboneistheincorporationofmagnesium(Mg)ionsintotheceramiclatticeinordertoimprove the physico-chemical and structural properties of the material and to increase its morphological affinity towards newly formed osseous tissue. In the present study, we evaluated the morphological and biological properties of composite scaffolds fabricated bymixingananopowderofMg-substitutedbeta-tricalciumphosphatewithcollagentypeIintwodryweightratios(variantIandII). We used biochemical methods, and electron and light microscopy to investigate their porosity, biodegradability and morphology. Osteoblast cell culture behavior in the presence of nanocomposite variants was also examined. Variant I scaffold presented a higherpercentageofcross-linksandabetterresistancetocollagenasedegradationcomparedtovariantIIscaffold.Theirporosity did not vary significantly. Osteoblasts cultivated in the presence of nanocomposite scaffolds for 72 h exhibited good cell viability and a normal morphology. When osteoblasts were injected into the scaffolds, a slightly higher proportion of adhered cells were observed for Mg-substituted samples after 7 days of cultivation. All these results showed that Mg-containing porous composite scaffolds had controlled degradation, allowed osteoblast proliferation and adhesion and are good candidates for bone repair. ©VersitaSp.zo.o.
Introduction
Bone is a natural composite porous material, mainly composed of collagen type I (COL) as an organic phase and a carbonated calcium phosphate apatitic structure as an inorganic phase. The composition and crystal structure of calcium phosphate minerals vary, thus leading to specific physico-chemical properties [1] . Among this wide group of compounds, tricalcium phosphate (TCP) or whitlockite, Ca 3 (PO 4 ) 2 , is characterized by a Ca/P ratio of 1.5. It presents two major distinct phases of crystallization: α-TCP and β-TCP. Experimental and clinic investigations showed that TCP had the ability to improve new bone formation due to its osteoconductive properties [2] . Several studies have demonstrated a better conductivity, osteocompatibility and resorption rate for β-TCP than for highly crystalline, sintered hydroxyapatite (HA), which has had limited use because it is brittle and difficult to process [3] [4] [5] .
Besides these major bone components, various trace elements -such as copper, zinc, silicate, and fluoride -present in extracellular fluids and in bone apatite have an effect on bone quality [6] . Mg ion is the most abundant (approx. 6 mol%) in cartilage and bone tissues during the primary mineral phase formation and sharply decreases when the bone is mature (0.03 mol%) [7] . In this process, Mg inhibits calcium phosphate cluster growth and stabilizes the amorphous state of bone mineral apatites [8] . Mg depletion alters bone and mineral metabolism and results in bone loss [9] , and has been considered a risk factor for osteoporosis [10] . Experimental Mg deficiency in rats causes abnormalities in skeletal structure, enzyme (i.e., alkaline phosphatase) activity and bone mineralization that resemble some of those seen in several clinical bone diseases [11] .
In the laboratory, limited amounts of Mg are used for calcium substitution in TCP [12] . Mg incorporation into whitlockite stabilizes its structure due to the smaller ionic radius of Mg 2+ (0.65 Å) compared to Ca 2+ (0.99Å) and to an increased electrostatic bonding of Mg-O vs. Ca-O [13] . Consequently, the unit cell parameters of β-Mg-TCP crystallites decrease linearly for Mg/Ca molar ratios increasing from 0 to 14 mol%. In addition, β-Mg-TCP is less soluble than β-TCP [14] .
Biomimetic composite materials composed of a synthetic polymer (poly-lactic acid, polyurethane) or natural polymer (COL, gelatin, alginate) combined with a ceramic component (HA, TCP) have been designed for bone tissue engineering [15, 16] . Composite mixtures are conditioned as 3D porous scaffolds by lyophilization and chemical cross-linking [17] or as hydrogels [18] , allowing the achievement of mechanical and biological properties superior to their individual components. When at least one component has dimensions less than 100 nm, the obtained material is a nanocomposite, which also offers a higher surface to volume ratio.
The present work aimed to further develop previously reported studies on preparation and characterization of COL/β-TCP composite materials for bone tissue engineering [19, 20] . The objective of this paper was the evaluation of the physico-chemical, morphological and biological properties of two variants of COL/β-Mg-TCP porous nanocomposite scaffolds, chemically cross-linked using 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC). Our work examined the effect of Mg-substitution over nanocomposite degradability and in vitro behavior in a rat osteoblast cell culture. To our knowledge, no paper reports a study on this relevant topic.
Experimental Procedures

Scaffold preparation
COL type I was extracted from bovine tendons by pepsin treatment, purified by precipitation at a salt concentration of 0.7 M NaCl and dialyzed against distilled water. The COL solution had a 11.2% hydroxyproline content, 0.8% hexosamine content, pH 5.5, and a molecular weight of 320 kDa assessed by polyacrylamide gel electrophoresis [21] . Nanopowder of β-TCP (n-β-TCP) and its 2.5 mol% Mg substitution (n-β-Mg-TCP) were synthesized from high purity reagents (Merck) using the technique of chemical precipitation from salt solutions and characterized as previously described [14] .
Variants of nanocomposite scaffolds were prepared from a 0.8% (w/w) COL type I solution and TCP nanopowders (n-β-TCP and n-β-Mg-TCP), respectively, homogenized with a manual speed-stirrer (Xenox, Germany), at 200 g, in two different dry weight ratios of 1:1 (variant I) and 1:2 (variant II). The mixtures were then poured into glass molds (56 mm diameter) and were frozen at -20°C overnight. Finally, the nanocomposites were lyophilized using a freezing temperature of -35°C, a 0°C step, at 0.26 mbar, for 17 h and dried at 30°C. A COL scaffold was fabricated using the same preparation method and was used as a control. The obtained COL, COL/n-β-TCP and COL/n-β-Mg-TCP porous scaffolds were cut in small pieces (5x5x5 mm 3 ), sealed in plastic bags and exposed to UV-radiation for 8 h in a sterilization cabinet (Scie-Plas, UK).
EDC cross-linking
Cross-linking of nanocomposite scaffolds (20 mg) with or without Mg substitution was performed by incubation in a 30 mM EDC (Sigma-Aldrich) ethanolic solution on a Titramax 100 T orbital shaker (Heidolph, Germany) at 10 g at room temperature for 18 h [22] . The scaffolds were then washed in 0.1 M sodium phosphate, 1 M NaCl, 2 M NaCl and distilled water and once again lyophilized. The COL scaffold was also cross-linked in order to be used as control. After the second lyophilization, the thickness of scaffolds decreased to approx. 2 mm.
Characterization of the scaffolds
Assessment of the degree of cross-linking
The quantity of free amine groups in cross-linked nanocomposites was spectrophotometrically assayed using 2,4,6-trinitrobenzenesulfonic acid (TNBS) [23] . The degree of cross-linking was expressed as percentage loss in free amino groups after cross-linking and was calculated as follows:
where ABS is absorbance at 346 nm, MASS is sample weight, c is the cross-linked sample and nc is the non-cross-linked sample.
In vitro degradation test
Degradation of the nanocomposites was performed in the presence of bacterial collagenase. A sample of each type of composite scaffold (10 mg) was incubated in 5 ml of TES buffer, pH 7.4, at 37°C for 30 min. Subsequently, 1 mg/ml collagenase type IA (Sigma Chemical Co.) solution in TES buffer containing 50 mM CaCl 2 was added. After 6 h at 37°C, the reaction was stopped by the addition of 0.2 ml 0.25 M EDTA and cooling on ice. After centrifugation (1000 g, 10 min), 200 µl of supernatant was analyzed for the content of released amino acids using the colorimetric ninhydrin method. The biodegradability was reported as the percentage of amino acids released from the crosslinked scaffold relative to the completely degraded non-cross-linked one, considered 100%. The reported values are averages of three samples.
Density and porosity measurements
The density (d) and porosity (ε) of COL and composite materials were measured by the water displacement method [24] . Briefly, a sample with a known weight (w) was immersed in a graded test tube holding a known volume of water (v 1 ). The sample was kept in water for 3 h and pressed to force air from the scaffold and allow the water to penetrate and fill the pores. The total volume of water plus the water-impregnated sponge was recorded as v 2 . The water-impregnated scaffold was removed from the test tube and the residual water volume was recorded as v 3 . The following equations were used:
Three measurements were taken to obtain each average value.
Scanning electron microscopy
The microstructure of the obtained composite scaffolds before and after cross-linking was examined by environmental scanning electron microscopy (ESEM). The samples were mounted on carbon pads attached to aluminium stubs and visualized at an ESEM apparatus (Quanta 400, FEI, Philips, Holland) using the low vacuum mode.
Scaffold effect in cell culture
Osteoblast culture
A primary cell culture of rat osteoblasts was established from parietal bone fragments by an enzymatic method [25] according to the international guidelines for care and use of laboratory animals. Briefly, bone was cut into pieces of 1-2 mm 2 and sequentially digested with collagenase IA (Sigma) and trypsin (Sigma). Isolated cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 15% fetal calf serum (FCS) and antibiotics. The osteoblast phenotype was confirmed by histochemical determination of alkaline phosphatase activity and formation of calcium phosphate deposits [26] . Cells from passage 2-4 were used for the experiments.
To investigate whether the soluble components of the nanocomposites influence the proliferation and viability of osteoblasts, cells were cultured on 24-well polystyrene plates at a density of 2.5 × 10 4 cells/ml in DMEM containing 10% FCS. After 18 h, when cells became adhered, sterile scaffold samples were placed in the culture medium and culture plates were incubated in 5% CO 2 atmosphere at 37°C, for 48 h and 72 h, respectively.
For another set of experiments, sterile scaffolds were placed into the wells of a 24-well culture plate. Rat osteoblasts (2 × 10 6 cells/cm 2 ) in 200 μl DMEM containing 10% FCS were injected into the scaffolds. After 2 h, 0.5 ml of the same medium was added in each well to cover the cell-scaffold constructs and plates were placed into an incubator with 5% CO 2 atmosphere at 37°C for 7 days. Culture medium was changed twice a week.
MTT assay
Composite influence on the activity of dehydrogenases from cell mitochondria was assayed by the MTT test [27] . Briefly, after 48 h of cultivation the culture media was removed and a solution of 0.25 mg/ml methylthiazolyldiphenyl-tetrazolium bromide (MTT) was added in each well. After incubation at 37°C for 3 h, the formazan crystals formed in viable cells were dissolved in 1 ml isopropanol. Absorbance was measured at 570 nm using a Jasco V-650 spectrophotometer and was proportional to cell viability. Results were reported as a percentage of the value of a control (cells cultivated in the presence of COL scaffold), considered as 100% viable cells.
LDH release assay
The culture media removed from the same experiment was assayed for LDH release according to the kit manufacturer's (Cayman Chemical Co., USA) instructions. Briefly, an aliquot of 100 µl of culture supernatant was incubated with 100 µl mixed reaction solutions with gentle shaking for 30 min at room temperature. Absorbance was then measured at 490 nm using a 96-well plate reader (Sunrise, Tecan). LDH activity (mU/ml) was calculated from the standard curve. Results were reported in arbitrary units, with the value for the COL scaffold equal to 1.
Cell morphology
Cells cultured on polystyrene for 72 h were fixed in methanol and Giemsa stained. Cell-scaffold constructs cultivated for 7 days were fixed in Bouin solution, dehydrated in ethanol, cleared in toluene and embedded in paraffin. Sections (7 µm) were stained with Hematoxylin-Eosin. Images of osteoblasts were obtained using a Zeiss AxioStar Plus microscope equipped with a digital color camera driven by AxioVision 4.6 software (Carl Zeiss, Germany).
DNA content
After 7 days of cultivation, cell-scaffold constructs were washed in phosphate-buffered solution (PBS) three times and frozen at -80°C until analysis. After thawing, the scaffolds were cut in very small pieces and the fragments were added to 500 µl solution containing 30 mM salinesodium citrate (SSC) and 0.2 mg/ml SDS and incubated at 37°C, for 1 h with occasional mixing. An aliquot of 10 µl was transferred to a 96-well plate to determine DNA content using the Quant-iT dsDNA HS Assay kit (Invitrogen, USA) on a Qubit fluorometer (Invitrogen, USA). Results were reported as percent of adhered cells relative to the COL scaffold, which was considered to be 100%.
Statistics
The results represent the mean of three separate experiments. Data are reported as means of triplicate values ± standard deviation (SD). Pair comparison was carried out by the t-test. Statistically significant differences were considered at P<0.05.
Results
Physico-chemical characterization of composite scaffolds
EDC was used to introduce covalent cross-linking bonds between COL chains from composite scaffolds. In order to compare the degree of cross-linking of composite variants, the percentage of free amino groups lost during the process was calculated. Mg-substituted scaffolds were more cross-linked than COL/n-β-TCP composite scaffolds (Table 1) . Among Mg-substituted composites, variant I, containing equal parts of COL and β-Mg-TCP, was more cross-linked than variant II, which contained more β-Mg-TCP. The composite scaffolds were significantly less cross-linked (P<0.05) than the COL scaffold (control). Enzymatic tests for biodegradation were carried out in buffer containing collagenase and revealed that non-cross-linked composite variants were completely degraded after 6 h of incubation (100% biodegradability) (not shown). Variant I cross-linked scaffolds degraded approx. one third in the same period of time and variant II cross-linked scaffolds were half-degraded ( Table 1) . By comparison to the control, variant II nanocomposite variants were significantly more degraded (P<0.05).
The density and porosity of cross-linked composite scaffolds were calculated and listed in Table 1 . The porosity values varied between 77 and 88%, depending on the type and quantity of calcium phosphate mixed with COL. Incorporation of nano-sized β-TCP into the COL scaffold slightly decreased the scaffold's porosity, and using Mg-substituted nanopowder enhanced this effect. Little variation in porosity values was recorded for cross-linked composite scaffolds with or without Mg substitution. A statistically significant variation in porosity values (P<0.05) was recorded between COL and each variant of the COL/n-β-Mg-TCP scaffold.
Morphological characterization of composite scaffolds
The microporous morphology of composite scaffold variants was observed by SEM ( Figure 1A-H 
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Micrographs showed white deposits of β-TCP nanoparticles on the surface of COL fibrils. When a higher quantity of β-TCP was mixed with COL, more calcium phosphate was deposited on COL surface. Variant II scaffolds ( Figure 1C ,D,G,H) appeared more loaded with n-β-TCP with or without Mg-substitution than variant I scaffolds ( Figure 1A,B,E,F) . Images of non-crosslinked composite variants showed a structure typical of lyophilized COL-based scaffolds, with regular pores that favor cell penetration and proliferation. The rehydration and relyophilization processes applied to each composite variant in order to accomplish their chemical cross-linking led to a compact scaffold of approx. 2 mm in thickness. SEM observations revealed that pore morphology was affected by the cross-linking process. The ordered structure, with interconnected pores present in the noncross-linked composite scaffolds was replaced by a structure with unevenly sized pores, ranging from 20 to 200 µm in the EDC-cross-linked scaffolds.
In vitro testing of composite scaffolds
Two sets of experiments were performed:
1. Osteoblasts were plated on polystyrene culture plates and, after cell adhesion, cultivation took place in the presence of composites placed into the medium. The influence on cell viability and morphology of substances released from the scaffold into the medium was analyzed.
2. Osteoblasts were injected into the porous composites. Cell adhesion, spreading and viability were evaluated.
For osteoblasts cultured on polystyrene and composite samples present in their culture medium, the cell metabolic activity was assayed. The calculated cell viability varied in the range of 82-136% (Figure 2A) .
All non-cross-linked scaffold variants induced cell viability values higher than 80%, indicating no cytotoxicity of the scaffolds. The highest value of cell viability was observed for COL/n-β-TCP 1:1 variant (108.14%) and 
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the lowest for COL/n-Mg-β-TCP 1:2 variant (86.05%). For cross-linked nanocomposites added into the culture medium, similar variation of cell viability was observed.
Comparing paired values for each variant, the crosslinked ones had significantly higher values for cell viability than the non-cross-linked ones (P<0.05).
The LDH release in the culture media was evaluated in the same experiment in which cells were analyzed by MTT in order to meaningfully compare the results. No statistically significant increase in LDH leakage was observed when comparing each composite scaffold, with or without Mg-substitution, to the control ( Figure 2B ). Variant II composites containing a higher quantity of n-β-TCP or n-β-Mg-TCP induced a slight increase of LDH activity in the culture medium.
The morphology and proliferation of rat osteoblasts grown in the presence of composite variants was observed by light microscopy after 72 h of cultivation.
The micrographs showed that cells maintained their normal phenotype, presenting euchromatic nuclei with 1-2 nucleoli and a clear cytoplasm ( Figure 3A-D) .
The proliferation rate of rat osteoblasts for composite variants having a COL/β-TCP ratio of 1:1, with or without Mg-substitution, was similar to the control cells cultured on plastic (not shown) and produced an almost complete monolayer (95% surface covered by cells) (Figure 3A,C) . Slightly lower values were observed for composites with more β-TCP: 80% for COL/n-β-TCP 1:2 ( Figure 3B) and 90% for COL/n-β-Mg-TCP 1:2 ( Figure 3D) .
Osteoblasts injected into nanocomposite scaffold variants were incubated for 7 days and their behavior was analyzed by cell adhesion and morphological observations. Cell adhesion was fluorimetrically assayed in cell lysate by DNA quantification. Values varied between 70.84% for COL/n-β-TCP 1:2 and 80.42% for COL/n-Mg-β-TCP 1:1 ( Table 2 ). A higher proportion of adhered cells were observed for Mg-substituted samples when compared to the same variant without Mg substitution.
In order to evaluate the biocompatibility between nanocomposite scaffold variants and osteoblasts, cell morphology was observed by light microscopy after 7 days of cultivation. Micrographs showed good cell affinity to both variants of COL/n-β-TCP scaffolds, with or without Mg-substitution. Osteoblasts were healthy, firmly attached to the scaffolds and proliferated well inside composite variants I and II, forming small groups integrated into the scaffolds (Figure 4A-D) . The experiment demonstrated that nanocomposite variants I and II were not a stress factor for rat osteoblasts that exhibited a favorable development and maintained their normal morphology.
Discussion
In the present study, we evaluated the effect of Mgsubstituted n-β-TCP, (Ca, Mg) 3 (PO 4 ) 2 , on the structure and biological properties of composite scaffold variants fabricated by mixing the ceramic nanopowder with COL type I. To our knowledge, no study has been reported regarding the biological properties of porous COL/n-Mg-β-TCP composite scaffolds in a rat osteoblast culture.
The synthesis of β-TCP nanopowders used in this study, with or without Mg substitution, was achieved by the previously described method of Ca(NO 3 ) 2 ·4H 2 O/ Mg(NO 3 ) 2 and (NH 4 ) 2 HPO 4 precipitation [14] . This technique allowed synthesis of particles with an average diameter of 84 nm, having a Mg content of 2.5 mol%. Their crystal size is similar to the nanometer size of the apatite from natural bone and this characteristic should allow protein adsorption and osteoblast adhesion [28] . Landi et al. (2008) observed that granules of HA powder synthesized with a 5.7 mol% Mg-substitution were ten times smaller in dimension than HA granules and that the former material showed good biocompatibility in vitro and osteoconductivity in vivo [29] .
Of great interest in developing artificial bone is the incorporation of Mg ions into the ceramic lattice in order to improve the physico-chemical and structural properties of the material and to increase its morphological affinity towards newly formed osseous tissue. Several ceramics were investigated for their role in bone regeneration, but they lack structural stability and it is difficult to maintain them at the defect site. Therefore, TCP must be included in a polymeric scaffold. COL type I prepared in our lab from bovine tendons using an enzymatic method is a natural, non-immunogenic polymer and its molecular weight is similar to that of bone tropocollagen (300 kDa) [20] . In a previous study we showed by electron microscopy that COL present in composite scaffolds is mostly organized as fibril aggregates and a few fibers with the 67-nm characteristic banding pattern [30] . In this work, COL type I and the ceramic nanopowder were mixed in two dry weight ratios (1:1, 1:2) in order to obtain bone biomimetic porous scaffolds. These ratios were previously established as optimum for COL/β-TCP composites after human fibroblast viability assessment using the MTT method [21] .
Ideally, a bone substitute should have a rate of degradation well correlated to the rate of the new tissue formation process. Unfortunately, COL-based materials possess high sensitivity to enzymatic degradation. Therefore, covalent bonds must be introduced in their structure in order to register less biodegradability. EDC reagent is suited for use with COL scaffolds; its advantage over other cross-linking agents (glutaraldehyde, dimethyl adipimate, etc.) is that it does not incorporate itself into the macromolecule and thus improves the scaffold's biocompatibility [23] . In the present study, we successfully cross-linked COL/n-β-TCP composite variants, with or without Mg substitution, using the EDC chemical method. Mg presence increased the cross-linking degree with 8% for variant I and 10% for variant II composites. As for COL scaffold, the final amount of free amino groups was severely reduced in comparison with composite scaffolds. This result might indicate that the presence of β-TCP nanoparticles on COL fibril surface partially hindered lysine interactions with aspartic and glutamic acid residues within the three α-chains of COL fibrils. A similar observation, namely that cross-linking is more evident for COL without a mineral phase, was reported when a biomimetic composite scaffold made of COL/Mg-HA was cross-linked using 1,4-butanediol diglycidyl ether [31] . A good correlation was also observed between the degree of cross-linking and the biodegradability of each sample. Scaffolds with a higher degree of cross-linking yielded a smaller quantity of degraded COL. These results indicate a better stability of EDC cross-linked composite scaffolds over untreated ones. The addition of Mg didn't have a significant influence on sample's ability to resist collagenase degradation.
Pore size and porosity of COL/n-β-TCP composites can be controlled by varying the freezing temperature during their conditioning as 3D scaffolds; namely, the lower the temperature, the smaller the pore size [32] . Results of the present study showed that the lyophilization process, with freezing temperatures of -35°C, led to scaffolds with a porosity of at least 77%, a value that allows cell growth and proliferation [33] . A decrease in composite scaffold porosity after EDC cross-linking could be due to the newly formed cross-links, but also to a collapse of the ordered pore structure after rehydration and the second freeze-drying process. Little variation between composite porosity values might prove that COL fibers were tightly embedded by both n-β-TCP and n-Mg-β-TCP nanoparticle types.
The composition and morphology of an artificial bone influence its osteoconductive properties and its interaction with cells. A very interesting result of this study was that the variants containing Mg slightly increased cell adhesion capacity. It is also demonstrated that Mg is closely associated with the mineralization of calcified tissues, directly stimulating osteoblast proliferation [9] . In addition to chemistry, the dimension of ceramic crystals is a factor implicated in the first phase of cell-biomaterial interactions. In our study, nano-sized ceramic powder was used and COL/n-β-TCP composites, with or without Mg, presented a good in vitro biocompatibility in a rat osteoblast culture. Fang et al. (2009) showed that nanocomposites containing biomimetic HA deposited from simulated body fluid facilitate adhesion and spreading of human mesenchymal stem cells [34] . Also, Mg promotes a dense surface when conditioned as tablets, which support a higher cell adhesion than β-TCP [13] . Composites in the present study used a polymeric matrix of natural COL not only to achieve a stable composite and to prevent rapid release of calcium ions in surrounding medium [20] , but to improve the interaction with osteoblast cells. It is known that COL has binding sites that promote cell attachment through focal contacts and adhesion plaques, providing an increased cell adhesion capacity to composites designed for bone regeneration [35] .
Conclusions
Our results demonstrated that Mg-containing COL/n-β-TCP scaffolds had two significant advantages over composite scaffolds without Mg, namely a higher cross-linking degree which could better control composite components biodegradation and a slightly higher proportion of adhered osteoblast cells to their walls. These observations supply a basis for future studies regarding osteoblast activity and differentiation when cultivated in COL/n-Mg-β-TCP composite scaffolds associated with evaluation of specific markers, such as alkaline phosphatase, COL type I and osteocalcin (work in progress). In order to examine composite ability to induce bone regeneration, in vivo experimental models are necessary to confirm the usefulness of Mg-containing composites.
In conclusion, this study designed Mg-containing porous composite scaffolds, with controlled degradation, that allowed osteoblast proliferation and adhesion and provides good candidates for bone tissue engineering.
